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ABSTRACT

described theory of the auroral electrojets (Fejer 1963) iis computed.
Tidal air motions are neglected at first, andi the high latitude current
system is assumed to be due entirely to the interaction of magnetospheric
rotation with the belt of energetic protons which are trapped in the
distorted geomagnetic field.\ For a given geomagnetic distortion and
trapped proton distribution, the computed current system strongly
resembles Chapman's (1935) idealized Ds current system if sufficiently
high E region electron concentrations independent of geographical
position are assumed. As the assumed electron concentrations are
decreased) however, the intensity of the computed current system is
reduced, first in the auroral zone and then at all latitudes; at the same
time, the phase of the current system is advanced in the polar cap and
is retarded at low latitudes. t
In view of this limitation of the current system by the available
electron concentrations,(the large disturbance variations observed during
an intense geomagnetic storm can only be explained by the present theory

if in addition to an enhancement in the trapped proton density greatly

enhanced E region electron concentrations are assumed,\particularly in the
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auroral zone.\!Such enhanced electron concentrations are known to occur
when blanketing sporadic E is observed.} The observed correlation
between blanketing sporadic E and the strength of the electrojet current
(Matsushita 1962) is thus predicted by the present theory.

The interaction of the tidal wind system with the belt of trapped
protons is also considered. The resulting auroral electrojet currents
oppose the Ds current system if the usually accepted pattern of upper
atmospheric tidal winds (Maeda 1955) is assumed; the existence of a
different wind pattern at high latitudes, at least during geomagnetic
storms is a possibility that cannot altogether be excluded although it
appears unlikely. If the majority of energetic particles in the radiation
belt were electrons, then their interaction with the usually accepted
tidal wind pattern would result in the correct phase for the Ds current
system; satellite observations indicate, however, that the majority of
the energetic particles are protons.

The present theory can also account for the generation of meridional
static electric fields of the type that, according to a theory of

Megill and Carleton (1963), cause mid-latitude red arcs.

1. Introduction

| Ionospheric currents flowing at a height of about 100 km are
believed to be the main cause of the disturbancg daily variations Ds or
SD observed during geomagnetic storms. An idealized current system

responsible for the mean Ds variation during 40 geomagnetic storms of

moderate intensity has been proposed by Chapman (1935). A mean current
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system for geomagnetic bays was derived by Silsbee and Vestine (1942).

Fukushima (1953) and more recently Fairfield (1963) have shown that
at any one instant during a geomagnetic storm or an isolated geomagnetic
bay, the current system may differ considerably from the mean current
systems derived by Chapman (1935), Silsbee and Vestine (1942) and others.
In general, the instantaneous current system is far more patchy than the
averaged current systems derived from a long series of observations,

All these current systems show the presence of very strong easterly
or westerly currents in the auroral zone; these are usually called auroral
electrojets. The first theories of the auroral electrojets were essentially
similar to the dynamo theory of the quiet day magnetic variations; a
great local enhancement of the ionospheric conductivity, and possibly
also of the wind velocities in the auroral zone, had to be assumed by
these dynamo theories (Obayashi and Jacobs, 1957) to explain the Ds
current system. An additional difficulty arose in connection with the
phase of the Ds current system predicted by the dynamo theories
(Matsushita 1953, Maeda 1957); a wind system at high latitudes, whose
phase is opposed to the phase of the wind system responsible for the Sq
variations, had to be assumed.

Kern (1961), Fejer (1961), and Chamberlain (1961) have independently
suggested that charge separation caused by the adiabatic motion of
energetic trapped particles could lead to the auroral electrojet currents.
Currents produced by this type of charged separation alone are, however,
necessarily temporary in character.

In a subsequent paper (hereafter referred to as I) Fejer (1963)

suggested that the interaction of magnetospheric motions with the belt of
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energetic trapped protons observed by Explorer XII (Davis and Williamson
1962) could lead to steady auroral electrojet currents without a local
enhancement of ionospheric conductivity or wind velocity at auroral
latitudes. The suggestions put forward in I are considered in this

paper in a more quantitative manner by the computation of world-wide
current systems. The main purpose of the calculations is to examine the
reaction of the electric fields necessary to drive the current system in
the ionosphere, on the original magnetospheric motions that were assumed

to cause the current system. This effect was ignored in I.

2. The Current Generating Mechanisms Proposed in (I)

2.1 The interaction of magnetospheric rotation with energetic protons

trapped in a distorted geomagnetic field

This first mechanism is illustrated schematically by Fig. 1, which
shows a cross section of the belt of trapped particles in the equatorial
plane. It is assumed that the energetic protons detected by Explorer XII
(Davis and Williamson 1962) represent the majority of energetic trapped
particles present. The belt is thus assumed to have a positive space
charge which must be at all times approximately compensated by the space
charge of the low energy plasma. Both the low energy plasma and the
energetic trapped particles partake in any magnetospheric drifts caused
by the presence of electric fields; the energetic particles also partake
in an additional drift caused by the inhomogeneity of the magnetic field.
The latter drift is much faster for the energetic particles than the
former and causes them to drift around the earth in a relatively short

time. The equatorial crossing points of the guiding center of a particle
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trapped in an undistorted dipole magnetic field would lie on a circle
concentric with the dipole axis. This circle would be only slightly
modified by the presence of magnetospheric electric fields; the
modification will be neglected in the present paper.

When the geomagnetic field is distorted by the solar wind, the path
of the equatorial crossing point of an energetic trapped particle is
also distorted; the crossing points lie closer to the earth on the
night side than on the day side. This is illustrated schematically
by Fig. 1, where the shaded region represents the equatorial crossing
points of the proton belt in the distorted geomagnetic field. Fig. 1
also shows the path of flow of the low energy plasma on the assumption
that the only magnetospheric motion is that due to the earth's rotation. .
As a field line approaches the subsolar position, it reaches its maximum
compression; thus the rotating low energy plasma is closest to the earth
in the subsolar direction and is furthest on the night side (in the
antisolar direction). The net result is that the low energy plasma tries
to stream across the high energy proton belt, inward on the morning side
and outward on the evening side, as seen from Fig. 1. Such a motion tends
to upset the balance of space charge since the excess negative space
charge of the low energy particles, that compensates for the positive
space charge of the energetic protons, streams inward or outward.
Charge neutrality is nearly restored by currents along the highly
conducting field lines which link the magnetosphere to the ionosphere and
by ionospheric currents. The ionospheric currents are driven by electric

polarization fields due to the residual space charge. These polarization
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fields also produce drift motions in the magnetosphere in addition to that
of the earth's rotation. If the ionospheric conductivity is sufficiently
high, these secondary motions may be neglected as they were in I. 1In
reality, the ionospheric conductivity is not infinitely high and the study
of the reaction of the electric fields, required to drive the ionospheric
currents, on the original motions of the magnetosphere is the main
purpose of the present paper.

2.2 The interaction of the tidal wind system with the belt of energetic

trapped protons

A second current generating mechanism, also proposed in I, made use
of the magnetospheric motions associated with the tidal wind system and
with the dynamo current system caused by these tidal winds. These
magnetospheric motions interact with the belt of trapped protons. The
currents caused by this interaction are additional to the ordinary dynamo
current system. It will be shown in this paper that the additional current
system is essentially similar to the current system produced by the
interaction of magnetospheric rotation with the proton belt in the
distorted geomagnetic field (the first mechanism). The current systems
caused by these two mechanisms are determined by the same type of
differential equation and are both caused by the streaming of low energy
plasma across the belt of energetic trapped charged particles. The
distortion of the geomagnetic field is essential to the first, but not

to the second mechanism.

3. Method of Computation of the Ionospheric Current System

The computations described in this section resemble the computations
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of ionospheric current systems caused by tidal motions. The simplifying
assumptions made are essentially similar to those made in a paper
(hereafter referred to as II) by Fejer (1953). The earth's magnetic
axis is assumed to coincide with the axis of rotation and the direction
of the solar wind is assumed to be perpendicular to both axes. The
atmospheric wind system, which is required only for the second mechanism,
is taken to be symmetrical with respect to the equator. 1In the dynamo
theory, this results in the restriction of the current system to a thin
current-carrying shell between approximately 90 and 150 km., Although

in the present calculations this is not true near the auroral zone,

the expressions for the height-integrated conductivities given in II,
where the vertical current density was assumed to vanish, are used. The
error caused in this manner may be shown to be very small.

In the present calculations the tidal wind velocity components are
taken to vary harmonically with local time (longitude), with a period of
24 hours, and the height-integrated conductivity is taken to be independent
of the latitude and the longitude. The computer program provides, however,
for the possible presence of tidal winds with periods of 24/n hours, where
n is an integer, and for a possible variation of conductivity with latitude.

Apart from the tidal winds, the atmosphere below, say, 150 km is
taken to rotate with the earth and is thus stationary, when considered
from a system rotating with the earth. All equations of this paper refer
to such a rotating coordinate system.

The lines of force in the magnetosphere are also very nearly lines

of equal potential because the effective conductivity parallel to the
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magnetic field is very high. The motion of low energy plasma perpendicular
to the magnetic field is governed by the polarization electric field which
is very nearly perpendicular to the field lines. These motions of the

low energy plasma take place in such a manner that the particles which at
one time occupy a certain tube of force, continue at all later times to
occupy a tube of force of equal flux content. The motions appear as
interchanges of tubes of force and could be fully described by the motion
of the feet of the lines of force on the ionospheric shell. Let Q be

half the space charge of the low energy plasma filling a tube of force
which carves out an area of 1 cm2 from the ionospheric shell at each of

its feet and let v, be the velocity of the foot of the line of force on

D
the ionospheric shell. Then the linear current density, caused by the
motion of the low energy magnetospheric plasma, projected along the lines

of force to the ionospheric shell, may be expressed as QXD. Here A is
caused only by the presence of electric fields seen from a rotating frame

of reference and, therefore, does not include the earth's rotation. The
space charge Q approximately compensates at all times the space charge -Q

of the energetic trapped particles. In a stationary state, with the

present assumptions of symmetry, the space charge -Q of the energetic
particles would be fixed in space if regarded from a non-rotating coordinate
system; in a rotating system, after projection to the ionospheric shell
along the lines of force, the space charge -Q appears to move at an apparent

velocity -VRs where v, is the velocity of rotation of the earth's

R

ionospheric shell (where the neutral atmosphere is assumed to rotate

with the earth). The apparent height-integrated current density projected



to the ionospheric shell, caused by the presence of the belt of trapped
energetic particles, is thus (-Q) - (-XR) = QXR, as observed from a
rotating coordinate system.

In addition to these magnetosphetric currents across the field lines,
which may be expressed as height-integrated current densities QXD and QZR
after projection to the ionosphere along the lines of force, there are
also ionospheric currents caused by the polarization electric field E
and, if the second mechanism is operative, also by the dynamo electric
field Ei where the terminology of II is used. 1If the height-integrated
ionospheric current density is denoted by 3 then the conservation of
charge demands that no overall accumulation of charge should take place
in a tube of force. The height-integrated current densities (projected
to the ionospheric shell) QXD’ QXR and i must therefore satisfy the

equation
div (; + QXR + QXD) =0 (1)

over the ionospheric shell., This equation is of general validity and may
be applied to both mechanisms, or in the special case Q = 0 to the tidal
dynamo theory.

Assumptions about the space charge density -Q of the energetic
particles must be made in order to solve equation (1). In an undistorted
geomagnetic field and with the present assumptions of symmetry, the value
of Q would depend only on the colatitude 8. In a geomagnetic field
distorted by the solar wind, Q also depends on the longitude (local time).

This asymmetry arises because the trapped energetic particles, the
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majority of which are taken to be protons, are trapped on field lines
whose feet are at lower latitudes on the day side than on the night side.
This apparent diurnal latitude shift of the proton belt is regarded here
as small, independent of latitude and a harmonic function of longitude
(local time) with a period of 360° (24 hours). This is undoubtedly a
rather crude representation of the true proton belt, but it can lead to
useful results. It is convenient to write Q = Ql(O) + Q2(0,¢) where 0
is the colatitude and where Q2 is much smaller than Q1 and is a harmonic
function of ¢ , the longitude angle measured eastward from a reference
longitude. It is assumed that Ql(O) is given by the triangular function
of Fig. 2; the functions derived in I, based on the results of Davis
and Williamson (1962), are shown by the solid curve (in which a low
energy cut-off at 80 keV is assumed for the proton spectrum) and the
dashed curve (for which the assumed cut-off energy is 60 keV). If the
latitudinal displacement of the eccentric proton belt is A9 sin (¢ - 4%),
then the number of protons between ¥ and ¥+ d¥ and between 6 and
6 + dO changes from Ql(O)ZZTR2 sin 0ded¥ to QILQ + 400 sin(Y - ?zﬂ
27TR2 sin[Q + A0 sin(yp - *PO)] d0d¥. The amount of the change is thus
[(aql/ag)sino + Qlcoso] 2mR? sin(ep - ©) A0ddP = Q,(9,¥) 27R% sin0ded ¢
where R is the radius of the ionospheric shell. Solving for Q2 results in
. 2%

Q,(8,#) = (g~ + Q cotd) sin(¢ - y) A0 = Q@) sin(P- @) (2

where QZO(O) is defined by equation (2).
The south and east component of the height-integrated ionospheric

current density are given by
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Jx T U;xEx +'(T§yEy ()
j_ = - E + 07 E 4
JY O~;’iy X yy'y )
where o° , o7 , o7 are the height-integrated conductivities defined
XX Xy vy

in II and where the electric field E = Ei + Ep is the sum of dynamo
electric field Ei resulting from the atmospheric wind system (seen from
the rotating earth) and of the static polarization field Ep = - grad */
where ¥ is the electrostatic potential. The components of the velocity
Vg are

v, =0, VRy = (LR sin@ (5)

where () is the angular velocity of the earth. The drift velocity Y
of the foot of a tube of force has the components (cf., Equations 2 and

3 of I)

Vg = " Epy/B sin X, VDy = pr/B sin X (6)

where X is the angle of inclination of the geomagnetic induction B. The

differential equation (1) may now be written in the form

3 (.. . \ o .
50 51n0(JX+QvRX+QVDxi] + 5 (Jy+QVR +Qv

Sfp) = 0 7

where jxj , and v

Dy are given by equations (3), (4),

v’ VRx’ YRy’ “Dx

(5), and (6). The conductivities 0%y ? o-*xy,

given by the equations (cf., equation 24 of II)

and (T;y were assumed to be
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where L is given by

L = (Sa‘ldh)coszx + (joJodh)sinZX :
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= L-l(fo"ldh)(f%dh)
- L‘l(jrzdh)(j}odh) sinX

L~ 1 (:( go‘”ldh) ( jo"odh) sin2X + (ja*ldh) ( 5\r3dh) cos?'X]

(8)

(9

(10)

(11)

Values of‘fcﬂodh, Lfg—ldh, Jeﬁzdh, and (Jgadh independent of the colatitude

are assumed in the computations to be described here.

variation of all the quantities is assumed.

taken as
V-

The polarization field

=
]

PX

E
Py

The tidal dynamo field

=
I

=
|

- R( ‘Vasin‘P + Wbcos ©)

is then given by

d¥a . %p
50 sin? +—a—g—cos(/)

Yb
sin®

sin@

is assumed to be given by

Ea(O) sin ¥

= Eb(O) cos ¥

sinf + Ya cos .

A purely diurnal

Thus, the potential Y is

(12)

(13)

(14)

(15)

(16)
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and the components of the tidal wind system with periods that are
submultiples of 24 hours, are thus ignored. These equations determine
the position of the reference meridian with respect to the tidal wind
system. Equations (2), (3), (&), (5), (), (7)), (13), (14), (15),
and (16) may be combined to yield (if Q20 <% Q1 is assumed and the
earth's magnetic field is taken as a dipole field whose induction at

ionospheric heights over the magnetic pole is Bo) the equations

32 'fJa E)‘Fa ,
PR TN NP R an
02
QY aY¥ .
b b (18)
+oL—2.8Y. + -£ =0
202 20 SRR
where
, -1 2 ,
oL = (o"xxs1n0) 30 (O"‘XX31nO) (19)
- o/ ine (20)
= Odyy Ty Sin

12 (o Q

8
a/ : ("xy-‘ B cos@
o
, -1
o(= (o"xx51n0) [a
&

) -1fe . .
= (G"XXs1nO) !;)O(Ebcyxymng) an‘xy-l-onRanOcosY)o] . (23)

) (21)

Yo

= ((j’xxsing)-

olY

(Earyxxsing) - Ebg-'yy-l—onRQsingsin @;} (22)

These two simultaneous linear second order differential equations determine
$Ja and f’b, and thus indirectly the polarization field Ep (cf., eq. 13
and 14) and the current density j (cf., eq. 3, 4, 8, 9, 10, 11). After

the introduction of two new variables u, = ay;/ag and u = a\f’b/ao, the



- 14 -

four first order simultaneous differential equations resulting from
equations (17) and (18) were solved numerically by the Runge-Kutta
method. Two particular solutions of the reduced equations and one
particular solution of the complete equations were superimposed to
satisfy the boundary conditions near the pole as outlined in II; the
solutions were carried to within 0.5° of the pole.

If Ql and on are set equal to zero in equations (17 - 23), then
they become almost equivalent to equations (17) and (18) of II although
the present equations apply to diurnal variations, whereas the equations
in IT applied to semidiurnal variations. It has already been mentioned
that the program was in fact written for a tidal wind period of 24/n
hours. The program could thus be checked against the numerical solution
obtained in II.

Equations (17 - 23) may be applied to either of the two mechanisms
discussed in the previous section. In the first mechanism the interaction
of magnetospheric rotation with the belt of protons trapped in a disturbed
geomagnetic field was considered; the corresponding solution of
equations (17 - 23) is obtained by setting Ea = Eb = 0. The solution is
clearly proportional to A@, i.e., to the distortion of the geomagnetic
field. The dependence of the solution on the conductivities and on Ql’
the equivalent surface charge density of the proton belt, is more complex
as will be shown in the next section.

The second mechanism is based on the interaction of tidal motions
with the trapped proton belt; the corresponding solution of equations

(17 - 23) is obtained by setting Q20 = 0, It is particularly instructive
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to find the differential equations for the difference between the
solutions in the absence and in the presence of the trapped protonms.

1f 9Da’ ﬂVb are the solutions in the absence of the trapped protons and
‘{/a + A‘ra, \f’-/b + AYb are the solutions in the presence of the trapped
protons, then it may be easily shown that A‘lya and A‘f’/b satisfy
differential equations which may be obtained from equations (17 - 23)
if A‘Fa and A\)Ub are substituted for (Ha and \Vb’ Ea and E. are set

b

equal to zero and the expressions

@ 5 Y

Qosint, = Rsine~ 5o (BocosO) (24)
wa(g) ° Q1
QZOCOS% = R0 sind éﬁi (BocosO) (25)

are used to define on and fg. The definition of Q20 by (24) and
(25) resembles the definition of Q20 by (2) in terms of the displacement
of the proton belt, due to geomagnetic distortion; in both cases Q20 is
roughly proportional to 8(%/20 since Ql is a rapidly varying function of
the latitude. The two definitions are roughly identical if fLRa0 =
( Waz + ?bz)%/BosichosO, or if the plasma streaming velocities across the
proton belt are the same. This shows that the perturbation of the tidal
dynamo current system by the belt of trapped protons produces an additional
current system that is essentially similar to the current system due to
the interaction of magnetospheric rotation with the belt of protons trapped
in a distorted magnetic field, although it may not agree with it in phase.
In view of the similarity of the two current systems only the one due

to geomagnetic distortion by the solar wind will be computed in the
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following section, although a discussion of both current generating

mechanisms will follow.

4, Computations of Tonospheric Current Systems

The following assumptions are common to all computations discussed
in the present section: E = E =0 (no tidal motions), A® = O,
jo’dh//d’dh—SS j(fdh/fo"dh 30, fo«dh/fovdh 100. The
valueAQ = corresponds to a fairly large geomagnetic distortion and
a maximum plasma streaming velocity of SLR4A® = 58 m/sec across the
proton belt., The current system is proportional to A48 and thus the
results of the computations can easily be modified to apply to any wvalue
of A9. The assumed ratios of the height-integrated conductivities‘are
identical to those used in II. The first two of these ratios could have
values considerably smaller than those assumed above, particularly at
night in the absence of sporadic E ionization when the F region makes a
relatively large contribution to JZTidh but not to Q[bédh; on the other
hand, in the presence of very strong sporadic E ionization the ratios may
well have values higher than the assumed ones.

Four computations have been carried out corresponding to‘jzrédh = 46,
14, 4.6, and 0.46 m.k.s. units (mhos). These solutions remain valid if
jlr2dh (and the other height-integrated conductivities), the computed
current density, and the assumed distribution of Q (cf., Fig. 2) are all
multiplied by a constant factor.

The computed current systems are shown by Figures 3a - 3d. The

electric fields driving the currents may be derived from Figures 4a - 4c,
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which show lines of equal potential for the first three values ofd/;“zdh.
The Hall current flows in the direction of the lines of equipotential so
that Figures 4a - 4c indicate, in a sense, the flow lines of the Hall
current, which does not differ greatl§ from the total jonospheric current
under the present assumptions, except in the vicinity of the geomagnetic
equator. The potential difference AV between neighboring lines is
indicated on each of the Figures 4a - 4c; Figures 4a and 4b are drawn
somewhat inaccurately in the auroral zone where some of the lines would
otherwise merge with each other.

Figure 3a shows the amplitude and phase of the ionospheric current
for a height-integrated conductivity JCTédh = 46 mhos, which is about
twice as high as the mid-day conductivity at moderate latitudes (Chapman
1956). The current system represented by Fig. 3a closely resembles
Chapman's (1935) idealized Ds current system. The east-west currents in
the auroral zone are exactly out of phase with those at higher or lower
latitudes. 1In the auroral zone, the change from a current towards the
east to a current towards the west is seen to occur at almost exactly
midnight. The amplitude of the east-west current density has a very
pronounced maximum in the auroral zone and a very much weaker maximum at
the equator. The auroral zone maximum of about 63 amps/km corresponds
to a change in the horizontal component of the magnetic field of about
80 ¥ if the earth is taken to be a perfect conductor and the magnetic
field change is taken to be caused by a uniform ionospheric current density

and an earth current density of equal magnitude and opposite direction.
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Figure 3b shows that the maximum current density in the auroral zone
decreases very little as the conductivity is decreased toy/}Tédh = 14 mhos.
There is, however, a change in the phase of the currents north and south
of the auroral zone; the phase of the currents is advanced in the polar
cap and is retarded at lower latitudes by about two hours. The change
from east to west in the direction of current flow still occurs nearly at
midnight in the auroral zone.

Figure 3c shows that as the conductivity is decreased further to
‘Ibédh = 4.6 mhos, the maximum current density in the auroral zone is
reduced considerably to about 22 amps/km, corresponding to a magnetic
field change of only 28 Y. The current density in the polar cap and at
low latitudes is not yet significantly changed by the reduced conductivity.
As the conductivity is further reduced, however, to &ﬁrédh = 0.46 mhos,
the current demnsity is greatly reduced at all latitudes as shown by
Fig. 3d. It should be pointed out here that when the value of the height -
integrated Hall conductivity reaches such low values, the ratio
‘fOEdh/JCTEdh is probably much lower than the value of 3.5 assumed in the
computations and may even by smaller than unity. No computations were
carried out for such low ratios ofJ[O“zdh/JﬁTidh.

Figure 4a shows a remarkable similarity of the Hall current system
to Chapman's (1935) idealized Ds current system; the similarity would be
even greater if the total currents rather than the Hall currents were
displayed. The electric fields are relatively weak; they would be
vanishingly small for an infinitely high conductivity. It is interesting

to note that the two lines of equipotential (or Hall current flow)
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nearest to the pole (not the line through the pole) have an entirely
different shape from the other lines; a similar pair of current flow
lines is shown by the Ds current system given by Fig. 3¢ of Obayashi
and Jacobs (1957) (originally due to Vestine et al 1947). As the
conductivity is reduced, more lines of equipotential assume the

peculiar shape of the above two lines; at the same time the current

system is rotated clockwise in the polar cap and anticlockwise at low
latitudes as shown by Fig. 4b. A further reduction of conductivity
results in the lines of equipotential of Fig. 4c, in which the
clockwise and counterclockwise rotation of the polar cap and low
latitude current systems approaches 90°. It should be noted that the
electric fields are largest when the conductivity is lowest, i.e.,

on Fig. 4c.

5. Required and Available Ionospheric Conductivities

The most important single result of the present computations is the
limitation of the proposed mechanism by the available ionospheric
conductivity. The computations were based on the quiet time proton belt
and show (cf., Fig. 3b) that at quiet times, a height-integrated Hall
conductivity of 14 mhos can result in horizontal field changes of about
708 . In the summer, the ionospheric conductivity due to solar
ultraviolet radiation is not far short of this value and is thus
sufficient to explain the Ds-like current observed during quiet days
(Fairfield 1963). It is to be emphasized that the assumed values of Q
and A® were to some extent arbitrary and much larger values of Q may

occur even at quiet times.
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The results of the computations make it clear that much larger
values of both Q and u{'o’zdh than those used in the calculation leading
to Fig. 3b, would be required to account for the magnetic variations
observed during storms. If Fig. 3¢ were reinterpreted as a ten times
more intense current system caused by ten times larger values of Q
than those indicated in Fig. 2 and a height-integrated Hall conductivity
of ‘fbadh = 46 mhos, then such a current system would explain the large
magnetic variations of several hundred gammas observed during magnetic
storms. Such a high conductivity would probably be present during
sporadic E conditions. Under such conditions the conductivity would
probably be higher in the auroral zone, where the limitation of the
current by conductivity is most severe, than in the polar cap.

The results of the present computations also explain the observed
correlation between blanketing sporadic E and magnetic disturbances
(Matsushita 1962); both are (at least partly) manifestations of enhanced
ionospheric electron concentrations at heights of about 100-140 km.

It should be pointed out here that the current generating mechanism
of the present paper tends to act as a source of constant current, as
shown by Figures 3a and 3b, while the ionospheric conductivity is
sufficiently high. The limitation of the current system is caused by
the reaction of the electric fields, that drive the ionospheric currents,
on the motions of the magnetosphere. Since the driving electric fields
are primarily meridional, they cause mainly azimuthal magnetospheric
motions that, in the first approximation, do not react back on the

original meridional magnetospheric motions responsible for the current
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system, The driving electric fields are not, however, exactly meridional
and therefore some feedback does occur and eventually limits the current
system, as shown by the results of this paper. It should be emphasized
that the present calculations only indicate the limitation of the total
electrojet current by conductivity; the height-integrated or linear
current densities could be considerably greater than those calculated

in this paper if the latitude range of the trapped protons were smaller
than the 16° used in the computations, or if an enhancement of Q

occurred over a very narrow latitude range.

6. Motions in Radar Echoes from Aurora and Ionospheric Conductivity

In addition to the sporadic E traces on ionograms, there is indirect.
evidence to indicate that the night-time Hall conductivity of the E
region is considerably higher near the auroral zone, at least when radio
aurora is observed, than the conductivity due to a decaying E layer
which was produced by solar photons during the day. Lyon and Kavadas
(1958) have shown that the direction of motion (east or west) of
auroral radar echoes is strongly correlated with the direction of the
auroral electrojet. If the mean values of the velocity are compared to
mean values of the magnetic disturbance, then a velocity of 15 km/min
or 250 m/sec corresponds to a horizontal magnetic disturbance of 150 K
(cf., Fig. 6 of Lyon and Kavadas). If the velocity of motion of auroral
echoes is interpreted as a plasma drift velocity in the presence of
combined electric and magnetic fields, a velocity of 250 m/sec corresponds

to an electric field of 14 volts/km. A magnetic disturbance of 150 X, if

interpreted as a result of a uniform ionospheric current sheet and a
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corresponding earth current sheet of equal intensity, corresponds to a
height-integrated ionospheric current density of 120 amps/km. The
corresponding height-integrated Hall conductivity (T;y is therefore
120/14 = 8.6 mhos, a value that would be more characteristic of midday
than of nighttime conditions at auroral latitudes if solar photons were
the only cause of the ionization. Moreover, Lyon and Kavadas (1958)
show that individual values of the velocity and the magnetic field are
not at all well correlated in magnitude although they are almost

" perfectly correlated in sign (direction). 1In this interpretation, lack
of correlation in magnitude will have to be explained by changes in
ionospheric conductivity. The lowest observed conductivity would be
represented by a combination of a velocity of about 30 km/min with a
magnetic disturbance of about 200 X on the scatter plot given by Lyon

and Kavadas (their Fig. 7); a height-integrated conductivity dey —

jﬁ}dh’~45.7 mhos is obtained. The highest value of the conductivity
obtained from the scatter plot would be infinity if the large number
of points with zero velocity and high magnetic disturbance were used.
Even if the points with zero velocity are ignored, a combination of a
velocity of 7 km/min with a disturbance of 500 ¥ leads to a maximum
height-integrated conductivity of 62 mhos, a value far higher than the
height-integrated midday conductivity at moderate latitudes but not

impossibly high for severe sporadic E conditionms.
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7. Diurnally Recurring Events

The present assumption, made for its convenience in computations,
of an asymmetric proton belt in a dipole magnetic field is highly
artificial. The orbits of trapped particles in a magnetic field distorted
by the solar wind have been studied by Hones (1963) on a somewhat more
realistic basis. His results show that a belt of protons with relatively
high equatorial pitch angles must be concentrated over a more narrow range
of lower latitudes (projected to the earth along field lines) on the
night-side than on the day-side; this would lead to a more narrow
electrojet current at a lower latitude on the night-side than on the
day-side. An observing station of a given magnetic latitude will thus
change its position in the north-south direction with respect to the
electrojet current as it rotates underneath it. If a current density
enhancement within the electrojet were to occur over a very narrow range
of latitudes, then the observed magnetic field of the enhanced current
would be greatest when the observing station passed under it. This would
occur twice a day at two separate local times, different for different
stations, and perhaps the observed daily recurrences of certain features
of magnetic records for several days (Chapman and Bartels 1940) may be

explained in this manner.

8. The Second Mechanism

It was tacitly assumed in the preceding discussion that the distortion
of the geomagnetic field by the solar wind and the resulting streaming of

exospheric low energy plasma across the proton belt (the first mechanism),
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illustrated by Fig. 1, causes the current system responsible for magnetic
disturbances. A streaming of exospheric low energy plasma across a belt
of high energy trapped protons can, however, also be caused by any
exospheric electrostatic polarization field that has a component parallel
to the shell of trapped protons (the second mechanism). The polarization
field associated with the tidal dynamo currents (Martyn 1947) should
therefore also lead to a current system similar to that caused by the
mechanism of Fig. 1, but of the opposite phase if the generally accepted
phase of the tidal polarization field (Maeda 1955) is assumed. It thus
appears that the tidal polarization fields cannot cause the observed
disturbance variations unless electrons predominate among the high energy
particles. Satellite observations indicate, however, that the majority
of high energy particles are protons. The unlikely possibility of an
entirely separate high altitude wind system of the required phase at

high latitudes cannot, however, be altogether disregarded. An experimental
determination of wind velocities in the 100-140 km range in the auroral

zone would be of considerable interest in this connection.

9. The Dynamo Theory of Auroral Electrojets

I1f the possibility of a high altitude wind system whose phase at
auroral latitudes differs from the usually accepted phase of the tidal
wind system (Maeda 1955) is admitted, then the Ds current system and the
auroral electrojets could, in principle, be produced by dynamo action
combined with an enhancement of ionospheric conductivity in the auroral
zone. Maeda (1957) already discussed such a mechanism and derived the

wind system required to produce the observed Ds variations on the
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assumption of enhanced ionospheric auroral zone conductivities consistent
with sporadic E observations. The wind velocities obtained by him were
very high (200-400 m/sec), and the wind patterns were rather complicated
and very different from the tidal pattern.

More recently Swift (1963a, 1963b) again considered the dynamo
mechanism as a cause of auroral electrojets. In his first paper (Swift
1963a) he considered a one-dimensional mechanism in which a uniform wind
was blowing across a horizontal strip of enhanced conductivity; the
conductivity was taken to depend only on one horizontal coordinate.
(There is an inconsistency in this first paper of Swift because he applies
the one-dimensional result to a model in which the conductivity also
depends on the height, and in this way he greatly overestimates the
electrojet current resulting from his model.)

In a second paper Swift (1963b) considers a more realistic two-
dimensional mechanism in which the conductivity is taken to depend on
both horizontal coordinates (but is still independent of the height).

He considers the interaction of a uniform wind with a narrow ring of
enhanced conductivity (such as would exist in the auroral zone) and shows
that the resulting current system is very different from the Ds current
system derived from magnetic obserxrvations. The computed current density
almost vanishes inside the ring, although the observations indicate a
high Ds current density over the polar cap; Swift's work thus confirms
Maeda's (1957) conclusion that a purely dynamé theory of the Ds current
system requires a rather complicated wind system which is unlikely to

exist.
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10. Mid-latitude Red Arcs

Another application of the theory outlined in I and in this paper
has been suggested to the author by L. R, Megill and N. P, Carleton.
Calculations by Megill and Carleton (1963) suggest that mid-latitude
red arcs and the high altitude red portion of type-A aurora are caused
by static meridional electric polarization fields very similar to those
that are produced by the mechanisms of I and the present paper if the
existence of a belt of trapped particles over a narrow range of magnetic
latitudes above the red arc is assumed. At mid-latitudes the interaction
of these trapped particles with magnetospheric motions of tidal origin
is probably more important than their interaction with magnetospheric
rotation in a distorted geomagnetic field. Since the interaction
mechanism resembles a constant current generator, the generated electro-
static fields will be most intense at night when the ionospheric
conductivity is low. The feedback of the electric field on the original
magnetospheric motions is believed to be relatively small on account of

the small latitude range of the arc.

11. Conclusions

It has been shown that the interaction of trapped energetic protons
with magnetospheric rotation in a geomagnetic field distorted by the solar
wind could cause the observed Ds disturbance variations of the magnetic
field. The quiet day Ds-type variations (Fairfield 1963) are reasonably
well explained if a belt of energetic protons derived from Explorer XII
observations (Davis and Williamson 1962) is assumed; the E region

ionization produced by solar ultraviolet radiation provides a sufficiently
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conducting path for the currents produced, at least in daytime. The
large Ds variations observed during magnetic storms can, on the other
hand, only be explained if in addition to the enhancement in the number
of trapped protons a large enhancement in ionospheric conductivity,

to values considerably greater than those characteristic of moderate
latitudes at midday, is postulated, particularly at night. Such an
enhancement could occur during sporadic E conditions. It is suggested
that radar observations of auroral motions (Lyon and Kavadas 1958) could
be interpreted as evidence for the existence of such high conductivities

at times when auroral radar reflections are observed.
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Figure 1.

Figure 2.
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CAPTIONS FOR FIGURES

Schematic representation in the equatorial plane of the
displaced belt of trapped protons and of a stream line of
the low energy plasma rotating in the geomagnetic field
distorted by the solar wind. The low energy plasma streams
inward across the proton belt during the morning hours and

outward during the evening hours.

The space charge, [Q|, of the trapped energetic protons

contained in a tube of force that carves an area of 1 cm2

(0.5 cm2 at each of its feet) out of the ionospheric shell,

as a function of the latitude. The solid and dashed curves

were derived in I from the observations described by Davis

and Williamson (1962), and represent two different extrapolations
of their results. The triangular function indicated by solid

lines represents the assumption of the present calculations.

Figure 3a-3d. The calculated amplitudes and phases of the height-integrated

current density components as functions of the latitude, for
different values of the height-integrated Hall conductivity
Ingdh. The labels E and S denote the east and the south
components of the height-integrated current density. The solid
lines indicate the highest absolute value attained by each
component during its diurnal variation; the interrupted lines
show the local times when the sign of each component changes

from positive to negative (east to west or south to north).
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Figure 4a-4c. Lines of equipotential of the electric polarization
field driving the currents of Fig. 3a-3d. The values of
the height-integrated Hall conductivity oﬁ?&dh and of the
potential difference AV between neighboring lines are shown
in each of the figures, The lines of equipotential can also
be interpreted as lines of Hall current flow; the arrows

indicate the direction of current flow.
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